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INTRODUCTION
Coal has been a primary energy source of electricity generation for many decades because of its availability and low costs. According to estimates by Energy Information Administration, coal accounts for over 50% of the electricity generated in the United States [1] . Coal, which is cheap and abundant, provides primary energy at a price that is the half of the cost of oil and natural gas [2] . Many researchers and policy makers agree that coal will maintain its important role in power generation in the near future [3] [4] [5] .
Coal combustion emits large amounts of carbon dioxide, believed to be a significant contributor to global warming. As concerns over greenhouse gas emissions grow, scientists and investigators have endeavored to find a way to decrease carbon dioxide emissions from coal-fired power plants. Carbon dioxide capture and sequestration (CCS) technologies should play a critical role in this regard, enabling coal to continue to satisfy an increasing fraction of worldwide energy needs [6] . Oxy-fuel combustion system is one of the promising CCS options.
Current research progress suggests that pressurized oxy-coal combustion power cycles utilize the higher heating value of a fuel, produce more gross power and have higher net efficiencies than conventional atmospheric oxy-coal combustion power systems. Based on a patented pressurized oxy-coal combustion process and technology, ISOTHERM ® , ENEL has conducted a number of experimental studies that show the advantages arising from pressurized conditions [7] [8] [9] . It is shown that the pressurized systems have the increased heat transfer rates in the Heat Recovery Steam Generator (HRSG), possibilities to burn cheap coals and the reduced size of components.
These benefits are demonstrated by using a refractory lined combustor at 4 bars on a 5 MWth system [10] [11] [12] [13] [14] .
CANMET and ThermoEnergy have examined the pressurized oxy-coal combustion systems as well, in terms of technical and economic studies. Their studies show that the high-pressure oxy-combustion systems have benefits of low efficiency penalties and reduction in capital costs, compared to the conventional atmospheric oxy-fuel power cycles [15] [16] [17] [18] [19] [20] [21] .
In our previous study, an oxy-fuel combustion power cycle utilizing a pressurized coal combustor [22] was analyzed, starting with the process design proposed by Gazzino et al. [13] for the integration of pressurized oxycombustion with Rankine cycle. In the pressurized oxy-fuel system, oxygen is pre-compressed in the ASU where the mass flow rate is smaller than that of the flue gases into the CPU. By pre-compressing the gas stream in the ASU, the combustion flue gases are at the high pressure and the compression work duty of the CPU, which compresses the flue gases from the combustor operating pressure to 110 bars, decreases. Imposing more compression work duty on the ASU and less on the CPU, the overall system lowers the parasitic power demand.
Moreover, the energy penalty associated with the oxygen compression work required to feed oxygen into the pressurized combustor is partially offset by removing the pre-heater from the oxygen compression line, hence avoiding the thermal energy penalty related to oxygen pre-heating. In addition, the elevated dew point and higher available latent enthalpy in the flue gases lead to higher thermal energy recovery from the flue gases. The available latent enthalpy is defined as the recoverable amount of the latent enthalpy of the water in the flue gases (hot stream) based on the inlet and outlet temperatures of the feedwater (cold stream) across the heat exchanger. The increased water-condensing thermal energy recovery enables the system to produce more gross power by eliminating the steam bleeding from the low pressure steam turbines. Compared to a conventional atmospheric oxy-fuel combustion system, the pressurized system was shown to be more efficient, taking advantage of lower overall compression work demand and higher gross power output.
Moreover, our study showed that the fan compression work has a significant impact on the overall performance. Most oxy-fuel combustion systems have implemented recirculation of the flue gases to decrease the combustion temperature to a reasonable level. Thus, a significant amount of the flue gases is re-circulated within the system, requiring a substantial amount of energy to compensate for the pressure drop across the steam generation unit and the recirculation pipe. This feature is even more important for the combustion technology patented by ITEA [7] [8] [9] , which adopts two flue gas recycling lines employed to control the combustion temperature and temperature at the HRSG inlet.
Based on the finding from the previous study, we have concluded that the combustor operating pressure has a strong impact on the overall performance of the oxy-fuel system. In this paper, we perform a pressure sensitivity analysis to find the optimal combustor operating pressure. We calculate the pressure dependence of the thermal energy recovery rate, the overall parasitic power demand, the gross power output and the overall efficiency. The analysis enables us to determine which parameters are important in operating the pressurized system and to examine how to improve the overall performance. The methodology used in the study is explained in Section 2, and the detailed results are discussed in Section 3. Section 4 includes conclusions.
METHODOLOGY
A 300 MWe coal-fired power plant, which is based on the fixed coal flow rate of 30 kg/s corresponding to 874.6 MWth (HHV) or 839.1 MWth (LHV), is used as the base case for the pressure sensitivity analysis. In the previous study, we proposed the pressurized oxy-fuel combustion power cycle and discussed its characteristics. The cycle has been modified to include the best available technologies; all important design variables are shown in Section 2.1. The combustor operating pressure was controlled by changing the oxygen delivery pressure to the combustor from 1.238 bars to 30 bars. The proposed approach will be explained and discussed in the following sections.
Two commercial simulation packages, Thermoflex ® and Aspen Plus ® , were used to conduct the study. An integration method between these two simulation tools is mentioned in the previous paper [22] . Aspen Properties ® provides thermodynamic and transport properties used to estimate the pressure drop through the flue gas recirculation path, as explained in Section 2.2. 
Base Case and Design Variables
The pressure sensitivity analysis was performed using the base case we developed in our previous study [13, 22] , which is revised to adopt the best available technologies especially in a steam cycle and the CPU. The base case plant consists of five primary units, the ASU, a pressurized coal combustor, a steam generation unit, a power island and the CPU. Each unit represents commercially available technologies or processes at an advanced development stage. Figure 1 shows the overall process diagram for the base case cycle for the pressurized oxy-fuel combustion system. As shown in Figure 1 , after being compressed by the first feedwater pump, the condensate 1 Thermoflex ® , Aspen Plus ® and Aspen Properties ® are registered trademarks of Thermoflow LTD and Aspen Technology, Inc., respectively.
recuperates most of the latent enthalpy in the flue gases while flowing the acid condenser. The condensate stream is heated further by cooling the combustor walls. The feedwater heating system and the HRSG receives the condensate stream, which is compressed to the supercritical state by the second feedwater pump, and generates supercritical steam. On the gas side which is represented by the red lines, the oxygen stream is mixed with the recirculated flue gases before entering the pressurized oxy-coal combustor. The combustion flue gases are cooled down by the secondary recycled flue gases. Passing through the HRSG and the acid condenser, the flue gases transfer thermal energy to the feedwater. At the end, the flue gas stream is purified and compressed by the CPU.
The proposed system has two important updates in the power island and the CPU, compared to the pressurized oxy-fuel power cycle analyzed in our previous study. Because the double reheat steam cycle is not economically beneficial, it is believed to be a non-viable option in conventional coal-fired power plants. Thus, we updated the previous base case by replacing it with a single reheat steam cycle. We also found that the turbines used in the previous study represent 20 year old technologies and have lower isentropic efficiencies. In this regard, the power island is modified to utilize the best available steam turbines based on a reference ENEL power plant that has been recently commissioned. Data provided by ENEL also accounts for the pressure drop along the steam bleeding line to the feedwater heaters. In addition, for CO2 production or for Enhanced Oil Recovery (EOR) applications, it is common to pressurize CO2 by a pump above 80 bars, which is beyond the CO2 critical point [23] . The previous CPU utilizes only compressors in the CO2 compression steps. Therefore, the updated CPU includes a pump as well as compressors to pressurize the CO2 stream up to the delivery pressure of 110 bars. Other detailed information on the overall processes and coal analysis data can be found in our previous paper [22] .
Based on the base case processes, we fixed a set of important design variables to focus on system's operating pressure dependence. Table 1 shows the design variables used in the pressure sensitivity analysis. While the gas side variables describe the characteristics of the available ASU, the combustor and the HRSG, parameters in the steam side represent the supercritical Rankine cycle.
Pressure Drop Estimation Method
As explained in the previous section, the fan compression works for the flue gas recirculation system accounts for a significant amount of the parasitic power demand in the pressurized oxy-fuel system. In this system, recirculation of 70% to 80% of the flue gases must be used in order to reduce the combustion temperature [24] .
Because a considerable pressure drop occurs across the steam generation unit and the flue gas recirculation pipe, a fan is required to re-circulate the flue gases.
As expected, the pressure drop and the corresponding fan compression work depend on the combustor operating pressure. To estimate the operating pressure dependence of the fan compression work, we have to first estimate the pressure drop. From the pressure drop, ∆P, correlations [25, 26] we know that:
, where
Using these correlations, we are able to evaluate the pressure drop across the HRSG and the recirculation pipe, respectively. The friction factors, f, are found from the following correlations [27, 28] 
The heat exchanger and the recirculation pipe design assumptions include, 
where, h = heat transfer coefficient, k = thermal conductivity
where, , ,
The number of tube rows N is calculated by combining (3), (4) and (5). Inserting the numbers from (2) and (5) into (1), and adding (1-a) and (1-b), we estimate the overall pressure drops across the HRSG and the recirculation pipe. The result is shown in Section 3.3. 
PRESSURE DEPENDENCE OF THE SYSTEM PERFORMANCE
The performance of the pressurized oxy-fuel power system depends on the parasitic power requirement, which includes the compression work of the ASU, the CPU and the recirculation fan, and the thermal energy recovery. Thus, the pressure dependence of these quantities must be carefully investigated.
Thermal Energy Recovery and Gross Power Output
As the combustor operating pressure rises, so does the thermal energy recovery from the flue gases that is used to generate steam. At higher pressures, the saturation temperature of the water in the flue gases rises as well.
In this case, we can implement more effective thermal integration between a hot stream (flue gases) and a cold 2 Ntu does not change significantly with the operating pressure because the inlet and outlet temperatures of the HRSG are fixed and the specific heat capacity of the streams remains nearly constant as the pressure increases. However, as the cross sectional area (the width) of the HRSG decreases, the number of tube rows N needed to achieve the required heat transfer surface area becomes larger. stream (feedwater). As shown in Figure 1 , the inlet temperature of the cold stream to the acid condenser, 30 °C, is determined by the steam condenser, and the maximum exit temperature of the feedwater out of the acid condenser is fixed by the deaerator operating conditions which will be discussed in the following section. Under these cold stream temperature constraints, increasing the dew point enables the latent enthalpy recovery at higher temperatures.
Consequently, we can recover more latent enthalpy from the flue gases at higher temperatures with increasing the operating pressure. Figure 2 shows the dependence of the saturation temperature of the water (the blue line) and the available latent enthalpy (the red line) on the flue gas pressure. As mentioned before, the available latent enthalpy is defined as the recoverable amount of the latent enthalpy of the water in the flue gases (hot stream) based on the inlet and outlet temperatures of the feedwater (cold stream) across the acid condenser.
The available latent enthalpy increases with the operating pressure and is saturated above 10 bars, as shown in Figure 2 . This is because we recover almost all HHV of the fuel as we increase the combustor operating pressure.
As shown in Figure 3 , the fraction of the water whose latent enthalpy is recovered through the acid condenser rises with the operating pressure. Above 10 bars, we reach nearly 100% latent enthalpy recovery rate.
Because of a large amount of water in the oxy-fuel combustion flue gases, 48% (molar) in our base case, the increase in the saturation temperature of the water enables the recovery of a significant amount of the available latent enthalpy from the flue gases. As shown in Figure 4 , the total thermal energy (the blue line) recovered from the flue gases increases by nearly 6%, as the combustor operating pressure is raised from 1.238 bars to 30 bars.
The considerable increase in the thermal energy recovery lowers the regeneration heat duty from the turbines. While the conventional atmospheric oxy-fuel system cannot recover the HHV of fuel through the steam generation unit, the pressurized oxy-fuel power cycle is able to recuperate most of the HHV of the fuel because of the increased dew point as discussed above. As a result, the former needs a higher portion of the steam from steam turbines. As we recover more thermal energy from the flue gases, the regeneration heat duty and the corresponding steam bleeding from the low pressure and the intermediate pressure steam turbines decrease. Figure 4 shows the variation in the overall steam bleeding (the red line) with increase in the combustor operating pressure.
As shown in Figure 5 , the gross power output increases with increasing the operating pressure, following the thermal energy recovery curve in Figure 4 .
Deaerator Feedwater Inlet Temperature, Acid Condenser Pinch Point and Feedwater Mass Flow Rate
The fact that the deaerator feedwater inlet temperature should be less than the saturation temperature determines the maximum exit temperature of the feedwater out of the acid condenser. As shown in Figure 1 , the condensate leaving the steam condenser flows into the acid condenser to recover the latent enthalpy from the flue gases. Next, the heated water stream enters the deaerator after recuperating more thermal energy by cooling the combustor walls. Therefore, the deaerator feedwater inlet temperature is strongly related to the amount of thermal energy recovery through the acid condenser. However, because the deaerator controls the feedwater inlet temperature so that it does not allow the feedwater to become steam before the second feedwater pump, we fix the maximum temperature we can reach at the deaerator operating pressure (10 bars in our study). Figure 6 -(a) shows that the deaerator feedwater inlet temperature reaches the maximum value as the process operating pressure increases. Consequently, the deaerator operating conditions have an impact on the amount of thermal energy recovery from the flue gases through the acid condenser. Figure 6 -(b) shows another important parameter in the pressurized oxy-fuel system. As we increase the combustor operating pressure, the pinch point temperature within the acid condenser varies, as shown in Figure 6 -(b). While the pinch point occurs at the dew point of the water at low pressures, it moves down to the exit temperature of the flue gas stream above 8 bars. Because the condensate temperature (inlet temperature of the cold stream to the acid condenser) is fixed by the condenser, the flue gas temperature cannot decrease any more if the pinch point occurs at the hot stream exit, which is at the condensate inlet. Therefore, the acid condenser pinch point temperature also plays an important role in the thermal energy recovery from the flue gases.
According to the change in the deaerator feedwater inlet temperature and the acid condenser pinch point, the increase in the mass flow rate of the feedwater is also limited, as shown in Figure 7 .
Pressure Drop and Fan Compression Work
The pressure drop and the fan compression work play important roles in the overall performance of the pressurized oxy-fuel power system. Because the flue gas recirculation is a unique characteristic of the oxy-fuel system, it is essential to examine the related power consumption in the thermodynamic cycle analysis.
As explained in Section 2.2, the pressure drop is strongly dependent on the operating pressure. To achieve higher heat transfer coefficients, we kept the maximum velocity (Vmax) constant within the HRSG and had denser flue gases at higher operating pressures. Given that the mass flow rate of the flue gases was held constant, maintaining the same maximum velocity was possible by reducing the width of the HRSG and, hence its cross sectional area. In addition, the diameter of the flue gas recirculation pipe was determined so as not to have a huge pipe when increasing the flue gas velocity. Because the volumetric flow rate grows as the combustor operating pressure is decreased from 10 bars to 1.238 bars, we had to linearly increase the flue gas velocity. On the other hand, above 10 bars, we kept the flue gas velocity constant because we have to keep the pipe diameter within a reasonable value as the volumetric flow rate decreases. Table 2 shows the reference velocities used in the recirculation pipe pressure drop estimation. As the pressure changes from 1.238 bars to 30 bars the diameter of the flue gas recirculation pipe is reduced as the volumetric flow rate and the reference velocity are varied. 3 Throughout the range of operating pressures, the flow in the pipe remains turbulent. Moreover, the flue gas recirculation pipe has the valves and the curves within the recirculation path. This accounts for a large amount of the pressure drop across the recirculation pipe. Figure 8 -(a) shows the pressure drop across the HRSG (the blue line) and the pressure drop across the flue gas recirculation pipe (the red line). The flue gas recirculation pipe pressure drop is strongly dependent on the flue gas density, the diameter of the flue gas recirculation pipe, and the square of the flue gas velocity, see the correlation (1-b). As the operating pressure increases, the flue gas density becomes larger, and the diameter of the flue gas recirculation pipe decreases as explained above. On the other hand, based on the reference velocities given in Table 2 , the flue gas velocity is linearly reduced at the low pressure range and is kept constant above 10 bars. These changes lead to the flue gas recirculation pipe pressure drop shown in Figure 8-(a) . As a result, a higher pressure drop is encountered as the operating pressure increases, as shown in Figure 8-(b) .
Based on the pressure drop, the pressure ratios across the HRSG (the blue line) and the recirculation pipe (the red line) vary, as shown in Figure 9 -(a). Pressure ratios are defined as the ratio of the inlet pressure to the outlet pressure. While the HRSG pressure ratio rises continuously like the HRSG pressure drop, the pressure ratio across the flue gas recirculation pipe decreases below 10 bars and increases above 10 bars. Because the recirculation pipe pressure drop is governed by the pipe diameter, as shown in the correlation (1-b), which is controlled by the flue gas velocity, the recirculation pipe pressure drop varies, as shown in Figure 8 -(a). This variation leads to the pressure ratio across the flue gas recirculation pipe, as shown in Figure 9 -(a). Combining the pressure ratios across the HRSG and the recirculation pipe, we have the overall pressure ratio across the fan, as shown in Figure 9 -(b).
Because the fan compression work is a strong function of the pressure ratio, it follows the variation in the pressure ratio over the fan and has the minimum value at 10 bars, as shown in Figure 10 .
ASU and CPU Compression Work
The pressurized oxy-fuel power cycle needs more compression work in the ASU than that of the atmospheric oxy-fuel system. Because the operating pressure is governed by the oxygen delivery pressure to the combustor, the ASU requires more compression work as the operating pressure increases. As shown in Figure 11 , the ASU power consumption (the blue line) grows significantly by nearly 44%, as the combustor pressure is increased from 1.238 bars to 30 bars. The ASU is the biggest power consumer among the equipment implemented in the pressurized oxy-fuel system. At higher operating pressures, it is important to control the ASU power consumption to improve the overall performance of the system.
However, the larger oxygen compression work required to operate the combustor at higher pressures is partially offset by eliminating the oxygen pre-heater from the oxygen compression line. In conventional atmospheric combustion systems, the gaseous oxygen is pre-heated by utilizing high temperature thermal energy sources such as steam or flue gases. The oxygen pre-heating steps result in thermal energy penalties and lower the overall efficiency. In contrast, the pressurized oxy-fuel power cycle reduces or eliminates the thermal duty of oxygen pre-heating while using oxygen compression.
On the other hand, because the flue gases are already at high pressures, the compression work in the CPU decreases as the operating pressure increases. The CPU compresses the CO2-concentrated gases from the operating pressure up to 110 bars. Therefore, the increase in the operating pressure lowers the pressure ratio across the CPU, requiring less auxiliary compression work (the red line), as shown in Figure 11 .
Overall Compression Work
Based on the results in Section 3.3 and 3.4, we now define the pressure dependence of the overall compression work demand in the pressurized oxy-fuel system. Figure 12 shows the variation in the overall compression work as the operating pressure increases. The total parasitic power demand follows the trend of the fan compression work shown in Figure 10 . When the ASU compression work is combined with that of the CPU, their sum does not vary much with the operating pressure. As a result, the overall compression work which includes the power consumptions of the ASU, the CPU and the recirculation fan is mostly dependent on the fan compression work. We conclude that the overall parasitic power demand of the pressurized oxy-fuel system is a strong function of the flue gas recirculation power requirement. Again, the total parasitic power demand has the minimum at 10 bars as the fan compression work does.
The variation in the overall parasitic work demand points out that, in order to improve the performance of the pressurized oxy-fuel system, we should focus on the pressure drop within the flue gas recirculation path.
Net Efficiency
The pressure sensitivity analysis provides the optimal pressure, as shown in Figure 13 . Based on the parasitic power requirement and the thermal energy recovery, the overall net efficiency varies as the operating pressure increases. At low pressures, gross power output, shown in Figure 5 , increases and the overall compression work, shown in Figure 12 , decreases, the net efficiency grows by 3 percentage point when the combustor pressure is raised from 1.238 bar to 10 bars. On the other hand, at high pressures, the efficiency decreases slowly as the parasitic compression power dominates the overall performance. As a result, the maximum efficiency is achieved in the vicinity of the 10 bar operating pressure.
CONCLUSIONS
The combustor operating pressure has a critical impact on the overall performance of the pressurized oxyfuel combustion power cycle. With increasing the operating pressure, the thermal energy recovery from the flue gases grows as we recuperate more available latent enthalpy at higher dew point. Increasing the energy recovery enables the pressurized oxy-fuel system to save some of the steam bleeding needed in the regeneration steps, and it subsequently produces more gross power. In addition, the fan compression work varies significantly with the operating pressure as the overall pressure drop across the steam generation unit and the recirculation pipe increase.
While the ASU compression consumes more energy at higher pressures, the CPU requires less auxiliary energy.
Consequently, the overall parasitic compression work demand is strongly dependent on the recirculation fan compression work. The maximum efficiency can be achieved in the vicinity of the 10 bar operating pressure. Given that the high pressure system raises the flue gas density and reduces equipment size, the best system from an economic point of view might be found at higher operating pressures.
The overall performance of the pressurized oxy-fuel combustion power cycle is a strong function of the thermal energy recovery from the flue gases and the energy requirement in the flue gas recirculation system. As the operating pressure increases, the variation in the net efficiency shows that the overall performance is sensitive to the change in these two parameters. Therefore, it is crucial to control the flue gas recirculation system and thermal energy recovery rate in order to improve the overall performance of the pressurized oxy-fuel combustion power cycle with increasing the operating pressure. Tables   Table 1. Design variables of the pressurized oxy-fuel system Table 2 . Reference flue gas velocities within the flue gas recirculation pipe 
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